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Abstract 
The characterisation and investigation of gold nanoparticles on a substrate 
allows us to design systems for use in various applications, from Surface Enhanced 
Raman Spectroscopy based biological sensing, to photovoltaic cells or optical 
transparency based sensors. To this end, we first set-up a single particle spectrometer 
by coupling an inverted optical microscope to a CCD camera and spectrometer. We 
then calibrated the single particle spectrometer with dilute Gold nanoparticle samples 
sitting on indium tin oxide coated glass slides. Isolated particles were located using 
Scanning Electron Microscope imaging coupled with FIB milling of registration 
marks. Spectra were then acquired using the single particle spectroscopy system and 
compared to theoretical spectra calculated using COMSOL Multiphysics. Finally, 
modelling of gold nanoparticles atop vertically arrayed graphene substrates was also 
accomplished using COMSOL Multiphysics. The addition of gold nanoparticles 
allowed for the incident electromagnetic field to interact with the graphene layers 
where normally it would be highly transparent to the field itself. Various systems 
were modelled and it was found that the optimal design for these systems is to place 
the gold particles directly opposite each other on the graphene surfaces for the 
strongest electromagnetic field enhancement, though introducing an offset by 
shifting one of the particles, can allow for greater access to the electromagnetic field 
in the graphene due to the spread of the field through the substrate as the offset is 
increased. By modelling these offsets we aim to help with the design of this gold 
nanoparticle/graphene system to enhance the measured SERS signal. 
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Chapter 1: Introduction 
This chapter outlines the background (section 1.1) and context (section 1.2) of 
the research, and its purposes (section 1.3). Section 1.4 describes the significance and 
scope of this research and provides definitions of terms used. Finally, section 1.5 
includes an outline of the remaining chapters of the thesis. 
1.1 BACKGROUND 
Characterising a nanoparticle (NP) atop a substrate provides us an insight both 
into the NP’s properties as well as the ability to understand how the system will 
interact with various substrates. The purpose then of this study is to first calibrate a 
single particle spectrometer in order to characterise these NP’s, followed by looking 
at the interaction of NP’s with graphene. Both NP’s and graphene have a variety of 
applications, from medical and optical devices for NP’s, to photoelectric cells, 
batteries and sensors to graphene. Combining NP’s with graphene allows for a highly 
tuneable system for use in a variety of applications. 
1.2 CONTEXT 
The major focus of this study is characterisation of NP that fall below the 
diffraction limit in scale, that is, less than 300 nm in diameter, followed by 
determining their interaction with a graphene substrate for use in surface enhanced 
Raman spectroscopy (SERS) applications. The latter is accomplished via modelling 
in COMSOL multiphysics. 
1.3 PURPOSES 
The purpose of the study is twofold, to firstly set-up a single particle 
spectrometer system for obtaining future experimental results, and secondly, to 
model AuNP systems on a graphene substrate to determine optimal particle 
arrangement for the strongest SERS signal return. 
1.4 SIGNIFICANCE AND SCOPE 
Set-up and calibration of the spectrometer will allow us to characterise single 
particle systems, or few particle systems, such as AuNP’s atop a substrate, or placed 
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atop other structures in order to determine if our results match the expected theory. 
To this end, modelling of AuNP systems allows us to look at the interaction of 
AuNP’s with graphene and later look at physically measuring these modelled spectra 
as part of future work. This will allow us to confirm the theory we have established 
as well as allow us to optimise the design of these systems of interest. 
1.5 THESIS OUTLINE 
The thesis is broken down into the following chapters, Chapter 2 contains the 
literature review, discussing the theory behind characterising single nanoscale 
particles, as well as looking at methods of physically characterising them. Theories 
for characterisation are focused on initially, with some coverage regarding the 
calculation of the shift of the resonance peak when interacting with a substrate. 
Chapter 3 contains the methods and results for both calibrating the 
spectrometer and the resultant output, followed by various models run in COMSOL 
Multiphysics© to help design and optimise a AuNP-graphene system. 
Chapter 4 discusses in brief what the results entail, followed by the conclusions 
in Chapter 5 of this research and proposed future research directions. 
 
 
 Chapter 2: Literature Review 3 
Chapter 2: Literature Review 
The topic of this thesis is the “Characterisation of Gold Nanoparticles on 
Substrates”. In the first section of this literature review (Section 2.1) we will cover 
the characterisation of gold nanoparticles (in air and on glass) and their optical 
properties. Sections 2.2 & 2.3 are devoted to graphene and the interaction between 
graphene substrates and gold NPs. In particular, Section 2.3 discusses how placing 
gold NPs on graphene substrates affects the optical response of the gold NPs. 
2.1 GOLD CHARACTERISATION 
Characterising single gold NPs experimentally is a challenging but not 
impossible task. Due to their implied size (less than 1 μm) they tend to fall below the 
optical diffraction limit. The optical diffraction limit was first discovered by Ernst 
Abbe in 1873 (Feffer, 1997). Abbe showed that conventional optical microscopes 
and telescopes are diffraction limited, which means that if two gold NPs are closer 
than λ/(2NA) to each other they can’t be resolved, where λ is the wavelength of light 
and NA is the numerical aperture of the imaging system. For visible light, the largest 
possible λ is ~800 nm and the highest NA available would be 1 (for dry objectives), 
so it is not possible to resolve two gold NPs that are closer than 400 nm to each 
other.  
Furthermore, the optical resolution of the eye is approximately 0.1 mm, so to 
see an individual gold NP through the microscope would require a magnification of 
at least 100 times (for a 1 micron sized gold NP). Fortunately, the diffraction limit 
can be overcome using techniques such as the focused ion beam registration method, 
which is a combination of Dark Field Microscopy (DFM) and focused ion beam 
milled registration marks. In 2007, the paper “Spectroscopy and High-resolution 
Microscopy of Single Nanocrystals by a Focused Ion Beam Registration Method” 
(Novo, Funston, Pastoriza-Santos, Liz-Marzán & Mulvaney, 2007) was published, 
which describes the combination of these two methods in order to firstly locate and 
secondly view for the purposes of analysis these NPs. 
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2.1.1 Focused Ion Beam registration method. 
DFM (Arbouet et al., 2004; Hu et al., 2006; Novo et al., 2006) is a technique 
where the light that would normally be transmitted directly through the sample is 
instead blocked and only light scattered/diffracted from the sample is collected. This 
is accomplished by the use of a Dark Field Condenser, a fixture used to focus light 
with a mask placed in the centre of it, used in conjunction with appropriately sized 
apertures to block directly transmitted light and allow primarily scattered light from 
the sample. This gives rise to the background appearing characteristically dark whilst 
the sample itself is illuminated [Figure 2.1]. This method allows for much greater 
resolution of fine particles, however, as there is no longer a bright background in 
place, it can be difficult to determine if what is being viewed is the sample particle, 
or surface defects/dust on the slide. 
 
Figure 2.1. Bright field (a) and Dark field (b) comparison images 
The second part of the focused ion beam registration method is to use focused 
ion beam registration marks. A focused ion beam (FIB) is a system used in milling, 
deposition and ablation of material from a sample surface (Giannuzzi & Stevie, 
2005). Functionally, it is similar to a scanning electron microscope (SEM), but 
instead of a focused beam of electrons, a focused beam of ions. Like the SEM, the 
FIB can be used for imaging at low voltages, providing high resolution imaging, 
however due to the relative mass of the ions compared to an electron beam, some 
ablation will occur, resulting in damage to the surface of the sample. As such, whilst 
the FIB can be used for imaging, it is normally used to “sputter”, that is to eject 
atoms from the material surface by bombardment of heavy ions. The amount of 
material removed can be controlled by changing the voltage and by changing the 
amount of time that the ion beam dwells in a location, allowing the operator to create 
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trenches to desired shapes and depths. A drawback of the system however is that the 
region left behind is roughened by the process of sputtering, which can be mitigated 
by deposition of a sacrificial layer atop the area to be milled. Deposition was not 
used in this project however and will not be discussed in detail here. 
The paper by Novo joins DFM with FIB milling of registration marks. By 
using an Electron Microscope with an attached FIB, the particle of interest is located 
with the FIB used to “dig” recognisable marks into the surface near the particle. Care 
needs to be taken as if the registration marks are too close to the sample, the light 
scattering from the edges of these registration marks will overwhelm the light visible 
from smaller particles. It is necessary then that the registration marks be large 
enough to be easily visible, both in order to locate them and in order to discern them 
from other surface features, whilst small enough and far enough away from the 
sample region in question so as not to overwhelm the visible response from the 
region in question. The effect of particle size on scattered light is discussed further in 
Section 2.1.2. 
 
Figure 2.2. SEM images from (Novo et al., 2007) showing milled registration marks. 
Prior to the method suggested in the paper, particles were identified near 
readily visible marks, such as scratches in the glass for ease of location, or the use of 
Electron Microscopes coupled with single particle spectrometry which allowed for 
the accurate measurement of particle size coupled with measured spectra (Lee, 
Gonzalez, Zheng & Dickson, 2005; Mock, Barbic, Smith, Schultz & Schultz, 2002; 
Mock, Oldenburg, Smith, Schultz & Schultz, 2002). The drawback of this latter 
method is that it is time consuming, both to locate a suitable particle of interest and 
also to locate that same particle at a later date. Use of milled registration marks 
allows for ready identification of a region optically and also allows for the 
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measurement to be repeated at a later date. The marks placed in the paper are the 
corners of a 50um by 50um box and milled to a depth between 0.5 μm to 1 μm 
[Figure 2.2]. 
Novo et al.  does not detail average distance from the registration mark to a 
particle, but it can be determined that this would be relative to the scale of the marks 
being milled as larger marks will have greater surface area and thus greater scattering 
cross section. Another factor to consider would be the intensity of the light source 
used to image the system, as a brighter light source will result in greater scattering. 
The Novo paper is important as it presents a novel method for preparing an 
area of interest for later analysis and also enables the experiment to be easily 
repeatable. Whilst the task of locating a suitable region of interest on a sample slide 
may still be relatively time consuming, coupled with the time needed to mill marks, 
the ability to then easily locate these marks at a later date and repeat the analysis if 
necessary is of great benefit and is also time saving. The method also allows for 
increased accuracy both in terms of locating suitable particles, and ensuring that the 
same particles are being analysed each time and thus, repeatable results. For particles 
that fall below the diffraction limit, this method is very important for the purposes of 
identifying and characterising particles and avoids the issues of trying to locate a 
region of interest purely through pattern matching of particle placement or through 
trial and error. 
Also presented in the paper are the relative absorption peaks for AuNP’s 
ranging in size from 90 nm to 170 nm diameter on average with a large particle 
around 265 nm in scale. These particles were isolated and their spectra collected 
using a combination of the registration marks proposed in the paper, and DFM in 
order to be able to gather spectra via an optical system. Four different shapes are 
analysed, a nanotriangle, nanodecahedron, nanooctahedrons and a nanohexagon, 
with the latter being the largest particle analysed. All nanoparticles were on indium 
tin oxide (ITO) coated glass substrates. From the results, it can be seen that particles 
in a similar size regime (for example, 90 nm triangle, 90.3 nm nanodecahedron) will 
give peaks very close to each other but with sufficient variance for them to be 
distinguishable (610 nm and 591 nm respectively for this example). The paper also 
shows that as the size of a particle increases there is a redshift of the resonance peak, 
such as for the nanotriangle, with the peak starting at 610 nm for a 90 nm particle, 
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and red shifting out to 839 nm for a 167 nm particle.  This knowledge is an important 
factor in the design of a plasmonic system, as the size and shape determine the 
resonance of the particle and changing these factors can cause either a red or blue 
shift in the measured resonance. 
 
Figure 2.3 Partial figure from (Novo et al., 2007) showing the resonance peaks for similar sized 
particles of different shapes. 
Since the Novo paper, several groups have used the focused ion beam 
registration method to analyse a variety of NP-substrate systems, such as gold 
nanorods (Huang & Kim, 2011), nanocube polymers (König et al., 2014) and 
nanodumbbells (Novikov et al., 2014). 
2.1.2 Optical response of gold NPs – theoretical. 
Understanding the optical properties of gold nanoparticles is important in the 
construction of plasmonic devices. Surface plasmons are the quantum mechanical 
description of the electrical charge across the surface of a metal or metal like surface, 
and for noble metal NP’s such as gold or silver, have resonance wavelengths in the 
visible regime (Maier & Ebooks Corporation., 2007). They result in a scattering peak 
at a wavelength corresponding to plasmon resonance. Plasmonic fundamentals and 
 8 Chapter 2: Literature Review 
applications by Maier (Maier & Ebooks Corporation., 2007), herein referred to as 
Maier plasmonics, provides a useful overview of Mie theory which describes how 
light interacts with NP’s in a homogeneous medium. Bohren and Huffman (Bohren 
& Huffman, 2008) also provide a comprehensive breakdown of Mie theory, but goes 
into greater detail than needed here. 
Maier approaches the problem by finding a solution to the Laplace equation for 
the potential ׏ଶΦ ൌ 0 which allows us to calculate the electric field ࡱ ൌ െ׏Φ. The 
problem is treated by using the simplest geometry, that of a homogeneous sphere of 
radius a in a uniform static field ࡱ ൌ ܧ଴̂ݖ. The surrounding medium is isotropic, non-
absorbing and with dielectric constant εm with the field parallel to the z direction. 
The sphere itself has a dielectric function described by ε(ω) which is interpreted as a 
complex number ε. A diagram taken from Maier can be seen in Figure 2.4 describes 
the system being analysed. 
 
Figure 2.4 Sketch of a homogeneous sphere placed into an electrostatic field from (Maier & Ebooks 
Corporation., 2007). 
Maier’s approach is much simpler compared to the approach in Bohren and 
Huffman’s text. The full derivations can be found in either text and result in the 
following formulas. The scattering and absorption cross section allow us to calculate 
how the incident light interacts with the particle. It can be shown the scattering cross 
section of the sphere is given by 
ܥௌ஼஺ ൌ ݇
ସ
6ߨ |ߙ|
ଶ ൌ 8ߨ3 ݇
ସܽ଺ ฬ ߝ െ ߝ௠ߝ ൅ 2ߝ௠ฬ
ଶ
 
and that the absorption cross section is given by 
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ܥ஺஻ௌ ൌ ݇Imሾߙሿ ൌ 4ߨ݇ܽଷIm ቂ ఌିఌ೘ఌାଶఌ೘ቃ. 
For both formulae, ε is the dielectric function describing the material of the sphere, 
εm is the dielectric constant of the surrounding medium, a is the radius of the sphere, 
and ݇ ൌ ଶగఒ  with λ being the incident wavelength. It can be seen from these formulae 
that for particles much smaller than the wavelength, the efficiency of absorption is 
greater as it scales with the radius cubed compared to the scattering efficiency as it 
scales by the power of 6. This shows then that for objects that fit this criteria, that 
larger scatterers nearby will make it difficult to discern these smaller particles. 
With the scattering and absorption cross section determined, we can calculate 
extinction. Extinction is the property where if a detector is downstream from an 
incident wave with particles in the path of the wave, the energy detected by the 
detector will be less than the energy output from the incident wave and so the beam 
from the source has undergone “extinction” (Bohren & Huffman, 2008). In the case 
where it is assumed that the medium the incident wave travels through is 
nonabsorbing, the difference between the detected wave and the output wave is 
accounted for by absorption and scattering by the particles. From this then, extinction 
is dependent on the size, shape, orientation, surrounding medium, number of 
particles and the polarisation state and frequency of the incident beam. As the 
particles and structures handled in this thesis are generally below the diffraction 
limit, the discussion about the Extinction paradox will be omitted. 
 
Figure 2.5. Extinction by a collection of particles as provided by (Bohren & Huffman, 2008). 
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Extinction is the sum of absorption and scattering, that is ܥ௘௫௧ ൌ ܥ௔௕௦ ൅ ܥ௦௖௔, 
but can also be described explicitly using the following formula from Maier 
plasmonics: 
ܥ௘௫௧ ൌ 9߱ܿ ߝ௠
ଷ/ଶܸ ߝଶሾߝଵ ൅ 2ߝ௠ሿଶ ൅ ߝଶ 
where V is for the volume of the sphere the dielectric function is given by  
ߝ ൌ ߝଵ െ ݅ߝଶ where ߝଵ and ߝଶrepresent the dielectric function of the particle and 
surrounding medium respectively (Maier & Ebooks Corporation., 2007). The 
formulas presented to this point deal with spherical particles, though non-spherical 
particles can be modelled as well with modification (Martin, 1993; Quinten, 2011). 
Mie theory then allows us to calculate absorption, scattering and ultimately 
extinction of a small sphere and ultimately, the resonant field enhancement due to the 
polarizability if the Frolich condition is satisfied (Maier & Ebooks Corporation., 
2007). When these conditions are satisfied, the particle acts like a dipole, resonantly 
scattering and absorbing the incident electromagnetic field. Furthermore Mie theory 
only holds for particles in the electrostatic approximation, that is the assumption that 
the magnetic field and electromagnetic field do not change with time, or if they do, 
that they change very slowly, though for particles below 20-30 nm in dia,eter, 
quantum size effects come into play (Quinten, 2011) with these effects more 
pronounced below 10 nm in diameter (Scholl, Koh & Dionne, 2012). As the particle 
size increases and substrates are introduced more complex models come into play. 
Larger particles in the size regime of 100 nm average require numerical 
techniques such as the Discrete Dipole Approximation (DDA) (Draine & Flatau, 
1994), and the Finite Element Method (FEM) (Bathe, 2008; Dhatt, Lefrançois & 
Touzot, 2012). Furthermore, as the topic of this thesis is the study of Au NPs and 
their interaction with substrates, we need also establish a means of numerically 
determining these interactions as we have only looked at NPs in a homogeneous 
medium so far. 
Characterisation of the shape of the gold NPs is also very important, as 
plasmon devices are affected by varying shapes of particles as they can result in a 
different resonance peak (Granqvist & Hunderi, 1977). As shown by Granqvist 
(Granqvist & Hunderi, 1977) in 1977, the shape and environment surrounding the 
particle drastically affects the plasmon resonance. 
 Chapter 2: Literature Review 11 
DDA is a method used in calculating light scattering and absorption by treating 
objects as coupled-dipoles, that is, particles and their resultant electric fields 
interacting with each other (Draine & Flatau, 1994). To expand on this, a region is 
broken down into an array of polarisable points, which each gain a dipole moment 
depending on the incident electric field. These electric fields, and as a result, the 
points, interact with each other much like dipoles. This method can be used to 
simulate a particle of arbitrary shape and size in order to calculate its scattering and 
absorption properties (Draine & Flatau, 1994). 
FEM (Bathe, 2008; Dhatt et al., 2012) is the technique used in this thesis. FEM 
is a technique for finding approximate solutions to boundary value problems for 
differential equations. This method essentially takes a large area and breaks it down 
into multiple smaller elements of a finite size. These areas are then approximated 
using a set of element equations of the original problem. The final result of each 
element is then recombined in order to provide a solution to the problem as a whole. 
In the case of small particle problems (and particles on substrates), this is applied in 
the form of Finite Element Analysis, whereby a model, such as a sphere, is 
subdivided into a mesh with each element representing some portion of the physical 
system being modelled. 
One piece of software that uses the FEM numerical methods is COMSOL© 
Multiphysics, a piece of engineering software with various modules that can simulate 
different physics based aspects of a system, such as fluid dynamics, physical stresses 
or in our case, electromagnetic interactions. The simulation portion is coupled to a 
simple computer aided design (CAD) interface that allows models of a system to be 
built and material properties to be assigned, as well as selecting the relevant modules 
to use and the type of solvers to use in order to reach a desired solution [Figure 2.6]. 
As an example, the software can be used to design a circuit and determine its heating 
losses, electric field hotspots and other pertinent information in order to test a design 
and potentially refine it. 
 
 12 Chapter 2: Literature Review 
 
Figure 2.6. Comsol interface. 
These numerical methods allow us to explore the properties of a system prior 
to fabrication, and also allow us to predict any red or blue shift that may be 
experienced by the resonances in a plasmonic system. Red-shift in a plasmonic 
system is the shift in spectra due to the incident wave interacting with a particle and 
its response being modified by its interactions with both the incident light wave and 
the medium surrounding the particle, as this red-shift is influenced by electron 
movement (Maier & Ebooks Corporation., 2007). Maier explains that from Mie 
theory, it can be seen that the resonance peak of a particle is due to (for a spherical 
particle) the curved surface of the particle exerting an effective restoring force on the 
driven electrons so that resonance can arise, causing the field to be amplified both 
inside and in the near-field zone outside the particle (Maier & Ebooks Corporation., 
2007). Maier goes on to explain that this can be understood by stating that the 
charges at the opposite ends of the particle experience greater separation as the size 
of the particle increases, resulting in a smaller restoring force and a lowering of the 
resonance frequency and inversely, an increase in wavelength.  
The paper “Influence of Particle-Substrate Interaction on Localized Plasmon 
Resonances” by Vernon et al (Vernon et al., 2010) provides a semi-analytical means 
of determining the localised surface plasmon resonance (LSPR) shifts. The method 
relies on the electrostatic eigenmode method (EEM) (Davis, Vernon & Gómez, 2009; 
Mayergoyz, Fredkin & Zhang, 2005; Mayergoyz, Zhang & Miano, 2007) and the 
image dipole method (Kreibig & Vollmer, 1995; Myroshnychenko et al., 2008) to 
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calculate interactions between particles of arbitrary shape and the substrate they 
reside on. 
It is shown that the electric field of the NPs resulting from surface charge 
interactions polarises the surface of the substrate, inducing further surface charges at 
the interface between the substrate and the surrounding medium. For a substrate 
consisting of a flat plane, the effect of the surface charge is modelled with mirrored 
charges, whereby a charge on the surface induces a charge at a mirror position 
[Figure 2.7]. The electric field from these mirrored charges interacts with the NP 
leading to a shift in the resonance frequency. These mirrored charges are treated as 
pseudo particles interacting with the NP on the surface, and following methods 
developed by Davis et al (Davis et al., 2009; Funston, Novo, Davis & Mulvaney, 
2009) allows the problem to be treated as two NP interacting with each other. 
 
Figure 2.7 Image describing mirror charges from (Vernon et al., 2010) where εb is the background 
permittivity and εs is the substrate permittivity. 
A simple formula is developed which allows one to calculate the change in the 
plasmon resonance position when the resonance is known in a homogeneous 
medium. The formula is given by  
Ըߝሺ߱௦ሻ ൌ Ըߝሺ߱ோሻ ൬ߝ௕ߝோ൰ ቆ
1 ൅ ߟ ௤ܶ௞ ൫1 ൅ ߛ௤௞൯ൗ
1 ൅ ߟ ௤ܶ௞ ൫1 െ ߛ௤௞൯ൗ ቇ 
 The R subscript refers to the homogeneous medium, with the subscript b referring to 
the background medium and s refers to the substrate.  
ߟ ൌ ൬ߝ௕ െ ߝ௦ߝ௕ ൅ ߝ௦൰ 
and ௤ܶ௞ contains the interactions between the particle and substrate, and is shape 
dependent, but can be approximated by  
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௤ܶ௞ ൎ ߛ௤
௞
2ߨ݀ଷ ቀ3൫݌റ௤
௞ ⋅ መ݀൯ଶ െ ݌റ௤௞ ⋅ ݌റ௤௞ቁ 
where መ݀ is the unit vector pointing from the image charges to the NP and parallel to 
the surface normal of the substrate, and p refers to the dipole moment. Values of T 
for various shaped particles are given in the paper. Finally ߛ௤௞ is the eigenvalue (or 
resonant mode) which are also shape dependent, and various values of  are also 
given in the paper. The subscript k and q refer to the kth resonance mode of 
nanoparticle q. Further detail as to the implementation can be found in the paper and 
its supplemental materials. 
2.1.3 Optical response of gold spherical NPs – experimental. 
In Section 2.1.2 we discussed ways of predicting the plasmon resonance for a 
small particle in homogeneous media (Mie theory), for larger particles and particles 
in inhomogeneous environments (FEM). Jiang et al (Jiang et al., 2001), covers 
experimentally characterising small particles in the range 10 nm to 95 nm. The 
scattering peak for particles of this size is roughly the same, sitting at 580 nm. The 
resonance absorption peak however red-shifts as the particles increase in diameter, 
from 517 nm for 10 nm particles, up to 553 nm for the 95 nm particles. Of interest to 
our own research is the absorption peak, and so immediately we see further 
confirmation and correlation between the size of particles and the red shifting 
absorption peak as the particle increases in diameter. The obtained spectra was 
collected using a spectrofluorometer and spectrophotometer, with suitable particles 
located using a Transmission Elecron Microscope (TEM) though no information is 
provided as to experimental procedure. 
At this point, we have covered small particles, some theory regarding NP 
interactions with light and then progressed to larger particles up to 90 nm in 
diameter.  As the size of the particles measured increases, further red shifts are 
noticed (Perrault & Chan, 2009).  
As mentioned, knowing the size of a particle is important when designing 
plasmonic devices as there is a direct correlation between particle size and the 
resonance peak. By controlling particle size, and ultimately, particle placement, we 
can design devices that are tuned to operate at a particular wavelength (Willets & 
Van Duyne, 2007). By providing a method of controlling particle size, we can tailor 
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a system to a desired use, be that for a sensor in use in optical or medical 
applications, or more widespread such as a solar panel. By correlating the growth 
method with absorption peaks, we can then confirm that particles of a desired size 
have been produced and can then be deposited onto a desired substrate as these 
particles are produced in solution. 
2.1.4 Optical response of non-spherical nanoparticles. 
Up to this point, we have mostly discussed spherical particles, with only brief 
coverage of particles of other shapes (Novo et al., 2007). However, many particle 
shapes have been synthesised and characterised over the years, including pyramids 
(Kelly, Coronado, Zhao & Schatz, 2002), nanorods (Brioude, Jiang & Pileni, 2005; 
Kuhlicke, Schietinger, Matyssek, Busch & Benson, 2013), nanostars (Novikov et al., 
2014) and nanoshells (Knight & Halas, 2008). In 2006, Jain et al (Jain, Lee, El-Sayed 
& El-Sayed, 2006) analysed nanospheres in the range of 20 to 80 nm in diameter, 
nanoshells (spheres with an outer and inner thickness, similar to an egg shell) and 
nanorods [Figure 2.8]. Jain et al. were interested in the particle shapes and their 
utility in biological imaging and medicinal applications, whilst comparing their 
effectiveness to dyes also used in Bioscience fields as well as their benefits over said 
dyes. The paper obtains its results through the use of Mie theory and DDA methods. 
 
Figure 2.8. Nanosphere, Nanorod and Nanoshell cutaway. 
The paper provides a variety of calculated results for these particles, but of 
interest is the data in Figure 2.9 showing the maximum resonance wavelength for the 
varying nanoparticle types. 
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Figure 2.9 Relation between particle size, shape and resonance peak wavelength from (Jain et al., 
2006) 
From this data, we can see that size alone is not the only attribute useful in 
determining resonance and that shape also plays a role in the location of the 
resonance peak. “Shape effects in plasmon resonance of individual colloidal silver 
nanoparticles” by Mock et al. (Mock, Barbic, et al., 2002) also provides an insight 
into the influence of shape on the resonance peak location. The paper looks at 
triangular nanoparticles ranging in scale from 40 nm to 120 nm before modifying the 
shape of the particle through heating. After each phase of heating via placing the 
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samples on a hotplate, spectra was obtained using a Nikon microscope setup for 
single particle spectrometry (Schultz, Smith, Mock & Schultz, 2000). The effect of 
shape on similar sized particles on the resonance wavelength location can be seen in 
Figure 2.10. 
 
Figure 2.10 Optical spectroscopy results from (Mock, Barbic, et al., 2002) for ~50 nm particles. 
2.1.5 Optical response of gold NPs on substrates. 
Having discussed single particle interactions and plasmon resonances, we turn 
now to particle interactions with a substrate. Kelly et al, “The Optical Properties of 
Metal Nanoparticles: The Influence of Size, Shape, and Dielectric Environment” 
(Kelly et al., 2002), discusses primarily spherical particles and looks at their 
interactions with the surrounding materials, be it air or the substrate they rest on. 
There is some discussion as well of the effect other shapes have on the resonance 
location, but of primary interest is the interaction between particle and substrate and 
the shift in resonance peak location, as seen in Figure 2.11 in which we see a red 
shift of the resonance peak location with the addition of a substrate. The direct 
experimental comparison also shows good agreement with the modelled result 
showing just how much influence the substrates presence has on the resonance peak. 
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Figure 2.11 Extinction efficiency comparison of case with and without substrate and direct 
comparison to experimental results from (Kelly et al., 2002). 
There is some detail regarding the numerical methods used to develop an 
accurate theoretical model based on dipole interactions, starting with Maxwell’s 
equations, moving to spheroids and a Modified Long Wavelength Approach (Zeman 
& Schatz, 1987) for accuracy and finally, to DDA for particles that do not solve with 
Maxwell’s equations (Huray, 2010), with the DDA method discussed in some detail.  
The method presented allows for modelling of the dipole and quadrupole 
interactions of the particles as well as their electromagnetic field plots. For the design 
of a Surface Enhanced Raman Spectra (SERS) system, the field interactions are also 
important, as these field hotspots correspond to the SERS hotspots (approximated 
through E4 (Campion & Kambhampati, 1998)). SERS is a technique that is sensitive 
to the surface being analysed, such that surface “roughness” or detail enhances the 
Raman scattering signal by some degree (Campion & Kambhampati, 1998). Raman 
scattering is the inelastic scattering of incident light, whereby the incident photon is 
scattered by excitation on the surface with the scattered photon exhibiting a 
commonly lower frequency than the incident beam. 
The paper from (Knight, Wu, Lassiter, Nordlander & Halas, 2009) also looks at 
the effect of nearby dielectric mediums/substrates on the plasmon resonance location, 
and also briefly looks at the effect of polarisation on the plasmon resonance. 
Similarly, Knight et al. find that the presence of a substrate causes a shift in 
resonance peak location. 
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2.2 GRAPHENE CHARACTERISATION 
Since we are also interested in gold NPs on graphene substrates, we start 
Section 2.2 by covering graphene and fabrication of the material itself. Whilst 
fabrication was not a part of my own experimental work, it is important as different 
methods of fabrication alter the structure of the material and ultimately affect the 
optical and electrical properties (Isić et al., 2011). Following is a discussion of the 
electrical and optical properties and finally the utility of graphene as a SERS 
substrate. Graphene is a monolayer of carbon arrayed in a hexagonal lattice, either 
horizontally or vertically. Due to their unique optical and electrical properties 
(Abergel, Apalkov, Berashevich, Ziegler & Chakraborty, 2010), their potential for 
use in sensing (Cheng, Lin, Chang, Huang, Lin, Chen, Hsu, Chang & Sen Chien, 
2013; Maharana, Srivastava & Jha, 2013), energy storage (Brownson & Banks, 
2012), and photovoltaic devices (Giangregorio et al., 2013) is quite high. Coupled 
with their relatively low loss and strong electromagnetic (EM) confinement, they are 
suitable for use in surface plasmon, SERS, or optical transparency based sensors. It 
can also be seen that by adjusting the purity of the graphene (Kawasumi, Zhang, 
Segawa, Scott & Itami, 2013), the graphene sheets can be made to show more 
metallic properties with less purity or more like a dielectric with greater purity.  
The review article “Electronic properties of graphene: a perspective from 
scanning tunnelling microscopy and magnetotransport” by (Eva, Guohong & Xu, 
2012) gives a short history of graphene, stating that its existence was first postulated 
by Wallace (Wallace, 1947) in 1947 as a method of describing the band structure of 
graphite.  
2.2.1 Fabrication 
Fabrication of graphene samples was first accomplished by Novoselov et al 
and discussed in the paper “Electric Field Effect in Atomically Thin Carbon Films” 
(Novoselov et al., 2004) from 2004. There is some discussion regarding 
semiconductors and comparing the difficulty of creating atomically thin metal films 
compared to the ease of which thin films of graphene can be fabricated. 
The sample produced by Novoselov et al. was the first successful fabrication of 
a 2D material, achieved through “mechanical exfoliation”, though the method used is 
not the only means by which graphene can be fabricated, and this method only 
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allows for horizontal fabrication. The method was found to be highly reliable in 
producing results though it is not mentioned as to what level of control for sample 
thickness is possible through this method beyond counting the number of 
applications. Other methods exist for fabricating graphene, which can subtly affect 
the optical response (Isić et al., 2011) of the system such as thermal treatment 
(Unarunotai et al., 2010), exfoliation (Novoselov et al., 2004; Novoselov et al., 
2005), chemical vapour deposition (Mattevi, Kim & Chhowalla, 2011) and epitaxial 
growth (Charrier et al., 2002; Forbeaux, Themlin & Debever, 1998). Aleksandr et al. 
(Aleksandr, Inna, Andrei & Dmitrii, 2011) also goes into detail regarding several 
fabrication methods such as liquid phase exfoliation and electric arc production. 
Whilst horizontal graphene layers, that is graphene grown or deposited directly 
on a substrate, provide a useful substrate for various devices, graphene can also be 
fabricated vertically, such that it stands perpendicular to the surface of a substrate, 
opening up further properties when considering the design of a plasmonic device. 
The paper “Plasma break-down and re-build: Same functional vertical graphenes 
from diverse natural precursors” by Seo et al (Seo, Rider, Han, Kumar & Ostrikov, 
2013), offers a means of fabricating vertical sheets of graphene from a set of natural 
precursors with different chemical composition in various states, but still produce the 
same vertical graphenes.  
The paper discusses at length the effect the different precursors have on the 
final sample as can be seen in Figure 2.12, as well as discussing that the presence of 
other elements from the precursors do not affect the final sample and the growth of 
vertical arrays of graphene sheets. The Raman spectra (f through j) in Figure 2.12 do 
show a slight adjustment in signal strength depending on precursor, likely due to the 
differing elements present in each precursor. There is no comparison with another 
growth method  provided to determine if this affects the final sample in a measurable 
manner, though this is covered in other papers regarding the effect of fabrication 
method (Isić et al., 2011).  
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Figure 2.12 Raman signals and SEM images of various samples from (Seo et al., 2013) 
With simple and effective methods such as these however, it is possible to have 
a graphene sample prepared within minutes from readily available materials, such as 
sugar or milk, for use in other systems. There is no mention however if this method 
can be used to create horizontal substrates however, though this is covered by other 
papers (Yuan, Gu & Li, 2012). 
2.2.2 Electrical properties. 
With the establishment of methods for fabrication, we turn to the electrical 
properties of the material, which are an important consideration for any devices to be 
made. To this end, “Electronic properties of graphene: a perspective from scanning 
tunnelling microscopy and magnetotransport” by Eva et al (Eva et al., 2012) provides 
an insight into these electrical properties, but does not just look at graphene isolated, 
it also provides an insight into how graphene is affected by different substrates such 
as SiO2 or other metals, though the focus is primarily on single layer graphene. 
The article discusses the electronic properties of graphene in detail, discussing 
everything from “Tight binding Hamiltonian” (Wallace, 1947) to gating, before 
discussing briefly its application in nanoelectronics. It’s initially explained that 
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graphenes unique properties come about as a result of three factors: its 2D structure, 
the honeycomb lattice arrangement and also that all sites of the lattice are occupied 
by the same atoms. Whilst there is further discussion of the physical properties of 
graphene, they are not relevant to this thesis and its aims. 
The paper goes into a great amount of detail regarding the theory behind the 
electrical properties of graphene, with a large emphasis on how dependent on the 
physical arrangement of the atoms in the hexagonal lattice these properties are. A 
great deal of the properties discussed fall outside the scope of this thesis and won’t 
be discussed here. Essentially, it’s found that graphene has excellent transport 
(Hwang, Adam & Das Sarma, 2007) and thermal characteristics, and has a high 
intrinsic carrier mobility (Morozov et al., 2008) which allows for much lower 
operating power and faster response. Also of importance is that graphene does not 
lose its electronic properties at nanometre scale allowing for the miniaturisation of 
devices. Graphene also exhibits highly efficient ambipolar gating due to its structure, 
and that a slight change in atoms present would instead have made the material an 
insulator, an example of which is provided in the text itself. There is also mention of 
graphenes low loss and strong EM confinement characteristic due to Klein tunnelling 
(Katsnelson, Novoselov & Geim, 2006), though information regarding this can be 
found in greater detail in theoretical papers such as (Abergel et al., 2010). 
There is also a lengthy discussion of the effect different substrates (such as 
graphite or metals) will have on the properties of graphene as well as discussing the 
charge transport properties of graphene and some applications of its charge transport 
abilities, such as a graphene-superconductor (Heersche, Jarillo-Herrero, Oostinga, 
Vandersypen & Morpurgo, 2007). 
2.2.3 Optical properties – refractive index data. 
Most of the work into graphene properties details its electronic and physical 
properties, and as such a wealth of material exists in that regard, however with 
regards to its optical properties, there is very little work in that area. The optical 
properties of a material define the location of the resonance peak when in isolation, 
as can be seen in part in section 2.1, and also with the aid of methods discussed in 
2.1.2 allows for a system to be tailored to a specific resonance. Whilst the article 
from Eva et al. in 2.2.2 does make mention of optical properties, it covers the 
theoretical approach which assumes a perfect sample. To this end, papers such as 
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“Spectroscopic Ellipsometry of few-layer Graphene” by Isić et al (Isić et al., 2011) 
provide experimental data for the optical constants of Graphene. The aforementioned 
review paper covers various experimental results, seeking to compare them to each 
other, though does not look to claim which is the more accurate result as each of the 
compared results was obtained from different samples, fabricated from different 
precursors and via different methods. Evidence can be seen of the effect of different 
precursors on the properties as discussed in 2.2.1 (Seo et al., 2013). 
One paper used in the review is “Optical constants of graphene measured by 
spectroscopic ellipsometry” by Weber et al (Weber, Calado & Van De Sanden, 
2010b). The results of this paper are obtained using Spectroscopic ellipsometry, a 
method that is based on the work of Paul Drude from 1888 (Vedam, 1998), and can 
be used to measure the complex refractive index, thickness, roughness, composition 
and various other properties. The technique relies on the change in polarisation of the 
incident beam as it interacts with the material, be it via reflection, transmission, 
absorption or scattering. The paper compares its own measured results against work 
from Nair et al(Nair et al., 2008), Gray et al (Weber, Calado & Van de Sanden, 
2010a) and Bruna and Borini (Bruna & Borini, 2009) and concludes that their own 
work shows better agreement with measured values of transmittance than work prior 
to their own. The paper provides a figure comparing these transmittance values and 
also provides a plot showing the measured optical constants across a broad 
wavelength range for the graphene sample. An example of the optical constants 
measured by Weber et al can be seen in Figure 2.13. 
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Figure 2.13 Optical constants of graphene from (Weber et al., 2010b). n (solid line) and k (dashed 
line. Inset shows thickness fit parameter. 
The usefulness of this paper is twofold, firstly in that it provides a 
comprehensive overview of how to achieve accurate ellipsometry information about 
graphene wafers, and secondly, by providing refractive index data over a wide 
wavelength range that can be used in modelling graphene based systems for optical 
applications. Whilst this data is based on material obtained via mechanical 
exfoliation, it is still useful as a baseline, though as mentioned previously, different 
precursors and fabrication methods may influence these responses (Isić et al., 2011). 
To compare, the optical constants of bulk graphite can be seen in (Djurišić & Li, 
1999), show in Figure 2.14. 
 
Figure 2.14 Optical constants of Bulk graphite as extracted from (Djurišić & Li, 1999). 
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2.2.4 SERS for graphene. 
As a substrate, there is a great deal of interest in the application of graphene, 
though this will be covered in greater detail in Section 2.3.3. One such application 
though and relevant to our own enquiries is the use of graphene as a substrate for 
SERS applications. One early paper that covers this is “Can Graphene be used as a 
Substrate for Raman Enhancement?” by Ling et al (Ling et al., 2009) that 
investigates this possible application of graphene.  
The paper explores what features of graphene might make it suitable for SERS 
applications by looking at the two theoretical mechanisms for SERS enhancements 
and discussing graphene’s properties in relation to them. The two SERS mechanisms 
are an Electromagnetism mechanism and a Chemical mechanism, with the 
electromagnetic mechanism due to an enhancement of the local EM field resulting in 
a significant increase in the cross section of the Raman scattering (Campion & 
Kambhampati, 1998). This EM enhancement is mainly due to plasmons being 
excited by the incident beam. The chemical mechanism is believed to be due to 
charge transfer between the molecule and the substrate (Campion & Kambhampati, 
1998). For graphene, due to its relatively smooth surface, affected generally only by 
the substrate it sits on for horizontal cases, there is little enhancement to be gained 
from the EM mechanism and instead the enhancement is derived from the chemical 
mechanism.  
The paper provides an initial look into the use of graphene for SERS, providing 
a starting point for future research into the area with potential at looking at not only 
utilising the chemical mechanism but modifying the graphene as will be discussed in 
Section 2.3 to also use the EM mechanism. These initial results are an important 
stepping stone to future work, whilst also providing an insight into the mechanisms 
that allows SERS to function as it does. Much of the work with graphene and SERS 
looks at functionalising graphene for SERS by adding in AuNP’s such as (Cheng, 
Lin, Chang, Huang, Lin, Chen, Hsu, Chang & Chien, 2013), (Lee, Shim, Kim & 
Shin, 2011), (Rider, Kumar, Furman & Ostrikov, 2012) and (Wang, Zhang, Zhang & 
Fang, 2013), each of which look at depositing AuNP’s onto graphene. 
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2.3 GOLD-GRAPHENE INTERACTIONS 
In sections 2.1 and 2.2, we explored gold and graphene independently, their 
properties at different scales for particles, and fabrication and varied properties of 
graphene as well as its utility for SERS applications. In this section we will look at 
graphene coated with AuNP, taking advantage of the high tunability offered by 
changing the size of the particles (Jain et al., 2006), coupled with the unique 
properties of graphene such as low loss and strong EM confinement (Abergel et al., 
2010) to design optical devices. This section is broken into two areas, 2.3.1 deals 
with horizontal systems, the most common arrangement, followed by 2.3.2 which 
looks at vertically oriented systems. 
2.3.1 Horizontal Gold-graphene systems. 
Many systems are designed as “horizontal” systems, consisting of sandwiched 
layers of materials such as silicon and metals to create transistors, optical devices and 
more. As such, it is natural to look at graphene’s utility in these systems as a starting 
point. “The Graphene-Gold Interface and Its Implications for Nanoelectronics” by 
Sundaram et al (Sundaram et al., 2011) looks at how the addition of a gold film atop 
a graphene layer affects the physical and electrical properties of graphene, and as the 
title suggests, the implications this has for devices based on a system utilising gold-
graphene interactions.  
Sundaram et al. look at shifts in the Raman G-band (Chae, Krauss, von 
Klitzing & Smet, 2009) in order to look at changes in the Fermi level, electronic 
structure and electron-phonon coupling in graphene, as any shift experienced would 
be dependent on carrier density (Yan, Zhang, Kim & Pinczuk, 2007), the 
measurement allowed for local detection of any changes in the electric field and 
electron-phonon coupling. The sample is built as a field effect transistor with tunable 
gate voltage, which allowed for the testing of cases where gold is present and absent 
in separate regions of the sample.  
Sundaram et al find that the addition of a film of gold atop the graphene does 
not operate as if the graphene has been doped with gold, and ultimately, the paper 
finds that the addition of a gold film does not greatly affect the physical properties of 
graphene, though the thermal coupling property of the gold/graphene interface allows 
for greater control of heat generation for electrical devices. The paper provides an 
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insight into how graphene functions as a substrate when used in a system as part of a 
sandwiched layer setup, and that the properties of graphene are not affected by the 
layering, serving only to amplify expected results. The low heat generation, or “heat 
management” property of the electrical device created in the paper is also useful 
information in the design of graphene based systems, though it does not play a 
significant part in our own work. 
The paper “Graphene as a substrate for plasmonic nanoparticles” by Dmitry et 
al (Dmitry et al., 2013) looks at nanoparticles (Au and Ag) both in ordered arrays and 
in random arrangements atop a graphene substrate. The paper also looks at both 
graphene that is considered pure and a less pure graphene sample and finds they are 
both suitable for use as a substrate for plasmonic devices. In exploring the interaction 
between the metallic nanoparticles and graphene, the paper mentions in passing an 
explanation of why red-shift occurs in the region surrounding the nanoparticle 
(Murray, Auguié & Barnes, 2009), explaining that this is due to the effective 
refractive index of the surrounding medium. This in itself is an important 
consideration for designing a system, as discussed in Section 2.1, though in this case, 
it is used to point out an expected red-shift by increasing the number of graphene 
layers, but instead finding experimentally that the signal is only attenuated. 
 From Dmitri et al. we see that graphene is an excellent substrate for plasmonic 
systems, suggesting possible uses such as transmission based sensors (Deng, Song, 
Wang & Di, 2010) or for use in biological sensors (Liu, Dong & Chen, 2012). The 
main results of the paper are that graphene is an excellent substrate for metallic 
nanoparticles as well as being viable for the construction of multi-layered structures. 
For our own research, this is relevant as the addition of NPs atop graphene is the 
basis of much of our own work as well as giving a baseline for expected NP 
interactions with graphene few-layer systems. 
2.3.2 Vertical Gold-graphene systems. 
The focus of our own work was vertically oriented graphene systems coated 
with AuNP. The benefit of a vertical system over a horizontal system, is that the 
available surface area for particle deposition is more than doubled, as the edges now 
also become viable for particle deposition. One paper that explores this is “Self-
organised Au nanoarrays on vertical graphes: an advanced three-dimensional sensing 
platform” by Rider et al (Rider et al., 2012). 
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The important result from this paper is the SERS signal produced [Figure 2.15] 
from the samples as well as discovering several properties unique to the vertical 
systems that are not available to horizontal systems, such as access to the edges of 
the graphene sheets and increased functional surface area (Kumar & Ostrikov, 2011). 
 
Figure 2.15 Micro-Rama Spectra from (Rider et al., 2012). (b) shows the actual surveyed spectra, with 
(a), (c) and (d) focusing on specific wavenumber regions. 
As per the paper in Section 2.3.1 discussing nanoparticles on horizontal 
graphenes, Rider et al finds that the vertical graphenes are also very suitable for 
plasmonic systems, and the addition of AuNP makes the platform viable for SERS 
based sensing as well, with only a brief discussion of the molecules used in testing 
the SERS signals. The paper itself provides a new, three dimensional sensor system, 
providing greater sensitivity and useful applications in SERS and plasmonic devices. 
The paper is important as it provides a new means of utilising graphene rather than 
treating it purely as a horizontal substrate or thin film. This insight allows for the 
design of systems that not only take advantage of the unique properties of graphene, 
but allow also controlled separation of particles through self-organisation (Kim, 
Tripp & Wei, 2001), and also through the graphene sheet by varying the number of 
layers. 
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However, the paper was experimental in nature with little detail on how to 
optimise the AuNP-graphene’s for maximal SERS response. This thesis aims to 
tackle this question, as well as establish a single particle spectroscopy system for 
analysis of gold NPs on optically transparent substrates e.g. thin graphene, glass, etc. 
Other examples of vertically oriented systems can be found in (Behura, 
Mukhopadhyay, Hirose, Yang & Jani, 2013) where vertical graphene sheets are used 
as a electron field emitter, and in supercapacitors (Bo et al., 2013). 
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Chapter 3: Research Design and Results 
The objective of this thesis is to study gold nanoparticle on substrate. To tackle 
this objective, a two prong approach has been taken. Chapter 3 is broken down into 
two sections containing the results of the expertimental study to optically 
characterise single AuNPs on ITO glass (Section 3.1) and the theoretical study of 
interaction of AuNPs with graphene substrates (Section 3.2). 
3.1 SINGLE PARTICLE SPECTROMETRY 
Single particle spectrometry allows for the investigation of the resonance 
wavelength of single particle systems and was performed as a proof of principle test. 
For this section, AuNP’s on ITO glass were located and spectra gathered for analysis 
as detailed in the 3 following sub-sections. Section 3.1.1 deals with how to prepare a 
sample to be used for the focused ion beam registration method. Section 3.1.2 deals 
with how to set-up an inverted microscope to take single particle spectra. Section 
3.1.2 also includes observations regarding the process of collecting the spectra and 
observations regarding the processes that are not brought up in the literature. Section 
3.1.3 compares the spectra taken to theoretical predictions. 
3.1.1 Sample preparation 
Samples consisting of a diluted solution of AuNPs decorating the surface of 
Indium Tin Oxide coated glass slides were provided by Delta Technologies for 
testing. Initial images of the samples were obtained using the Zeiss Sigma FESEM to 
confirm the presence of the particles and build a roadmap for use in placing 
registration marks as discussed in the Novo et al paper (Novo et al., 2007). 
Registration marks were placed down using the Qanta FIB, referencing the 
FESEM images. The registration marks consisted of four L shaped marks 
representing box corners milled to the dimensions of 5 μm long to each side, 1 μm 
wide and 1 μm deep outlining a box 20 × 20 μm in size. Once milling was completed 
in the selected regions, final images were captured using the Zeiss FESEM to 
confirm the presence of the marks and the location of the AuNP in relation to these 
marks. Figure 3.1 shows the registration marks and the particles in their vicinity with 
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the red circle representing the measured particle. Figure 3.2 shows a close up of the 
particle in question with a diameter of ~200 nm. 
 
Figure 3.1. SEM image of registration mark. 
 
Figure 3.2. SEM image of measured particle with scale. 
Another important consideration is the shape of registration marks used to 
locate particles of interest. Regular shapes such as squares, rectangles and triangles 
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are the most useful due to their large flat edges as shapes such as spheres and ovoids 
will be easily mistaken for other surface detail due to the small “halo” of light that 
appears around most objects. This scattered light however is necessary for locating 
small particles as often this halo effect is all that is visible to indicate their presence 
in the case of particles falling below the diffraction limit. It is important then that the 
registration marks not be too close to the particles in question, as well as not be too 
large or the light scattering off their edges will effectively overwhelm the light 
visible from these nanoscale particles. 
3.1.2 Collecting spectra. 
The inverted microscope was set-up to act as a single particle spectrometer. A 
Princeton Instruments Acton 2300 spectrometer with Pixis 1024 camera was attached 
to one of the ports of the microscope [Figure 3.3] with the help of the technician, 
Dale. Prior to the collection of spectra, the Princeton Instruments spectrometer 
gratings were calibrated according to the standard procedures (Princeton-
Instruments, 2012) using the built in calibration software Intellical© and associated 
hardware light source to calibrate the 500 nm and 800 nm gratings. The software also 
needs to be told how the camera sensor and spectrometer are configured relative to 
each other via the devices window. This was conducted as per the instructions in 
Appendix A. Once both gratings had been calibrated and the spectrometer aligned 
with the microscope port, spectra was ready to be collected. 
 
Figure 3.3. Optical bench with equipment used. 
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Calibration of the spectrometer is accomplished in two phases, firstly through 
calibration of the individual gratings used in collecting spectra, via the Intellical USB 
Light Source containing a Mercury lamp and a neon-argon lamp for calibrating 
across the spectrum. As per the operating instructions, this should only need to be 
done once, and is entirely automated. For the spectrometer, the 500 nm grating was 
calibrated with an error of 0.103 nm RMS and the 800 nm grating with an error of 
0.079 nm RMS. These were achieved with the room made as dark as possible and 
masking of any possible external light sources that would interfere with the readings. 
The second stage of calibration is intensity calibration, but this is done per sample, 
per ROI basis and as such leads to some complications. ROI, or Region of Interest in 
this case refers to the spatial region being analysed in order to obtain spectra. 
In order to calibrate the spectrometer’s gratings to be able to quantitatively 
compare the intensities, a different Intellical light source is used. This light source 
provides a broadband, uniform light that the sensor can use to normalise its readings. 
The software requires that a background file be collected for a particular ROI if the 
intensity calibration is to be used, the intensity calibration can then be performed 
with the light in place. The complication arises in that as this intensity profile is for 
the current ROI, any changes to the ROI require the intensity calibration to be 
collected again. As the sample is in place at this stage, any interference with the 
sample will necessitate re alignment of the particle in the mechanical slit and 
selecting a new ROI. As such, intensity calibration has not been done with these 
results, however as we are not looking to quantitatively compare our intensities 
between gratings, this is considered to be of negligible impact though a method for 
performing this intensity calibration without interfering with the sample will need to 
be determined for future work. 
The Nikon Ti Eclipse series microscope was operated according to standard 
procedures (Nikon, 2012) to obtain a dark field image. Dark field as viewed through 
the microscope is commonly described as brightly lit particles with a black 
background (Bom & Wolf, 1980), however, prior to achieving this dark field state, a 
false dark field can be achieved. A dark background will appear as the condenser is 
lowered, appearing as an expanding disc due to the mask in the condenser. Some 
light will still transmit through such that some features will be lit, but continued 
lowering of the condenser will have the image go completely dark before the dark 
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field effect comes into play when the condenser is within its working distance, 
commonly of a few mm in height. A diagram showing the location of the condenser 
relative to the sample and sensors is shown in Figure 3.4. This appears as an 
expanding region of lit particles, including everything from dust, surface defects and 
the material you are looking to inspect. Whilst the first stage “false dark field” is of 
no particular use for spectra collection or even imaging, it is important to note its 
existence to prevent the user from reaching that stage and assuming dark field has 
been achieved. Figure 3.5 shows our registration marks as viewed in dark field. 
 
Figure 3.4. Diagram of microscope setup. 
 
Figure 3.5. Optical Dark field image of registration marks. 
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Once dark field was obtained, the regions of interest (ROI) were located via the 
previously milled registration marks and magnification increased until the 100× 
magnification (100x Oil – Plan Fluor 0.5-1.3 – Working Distance 0.16mm), oil 
immersion objective was in use. Once aligned, the Princeton Instruments 
spectrometer was used to collect spectra using the Lightfield© software. Once the 
sensor had reached its operating temperature of -70°C, collection of spectra could 
occur. The region of interest having been located, the particle was then centred in the 
viewport using the software and stage controls, running the sensor continuously with 
a 5 ms exposure time to facilitate final alignment with a mechanical slit. Once this 
had been achieved and the slit raised fully into position, a ROI containing the particle 
was setup in the software. 
This ROI spanned the width of the sensor (1024 pixels), at the pixel height co-
ordinate determined via the on-screen cursor. The height of the ROI was also 
determined using the on-screen cursor and this vertical region binned for the entire 
number of rows of pixels (for example, for a box of 24 pixels in height, all 24 pixels 
were binned together). The effect of this hardware binning is that each row of pixels 
is summed together to produce a result. As the exact location of the peak was 
unknown, a centre wavelength of 650 nm was selected and spectra collected using 
both gratings for a period of 300,000 ms and 400,000 ms. The times selected were 
considered long enough to average out the majority of any potential signal noise, 
whilst being short enough to prevent saturation of the sensor. All extraneous light 
was blocked out by shutting off the room lights, closing the door and drawing the 
heavy curtains.  
The spectrometer was focused on the sample particle located as discussed in 
3.1.1 and was used to produce absorption spectra, two for each grating with data 
collected for two different lengths of time in order to confirm the values obtained and 
determine if any shift occurs in the peak wavelength. With the exposure time set to 
300,000 ms, the spectra had a peak at 732 nm with the 500 nm grating and a peak at 
735 nm with the 800 nm grating. Using the same particle with exposure set to 
400,000 ms, the spectra produced a peak at 728 nm with the 500 nm grating and a 
peak at 735 nm with the 800 nm grating. These peak locations are represented in the 
figures by the solid red vertical line. From COMSOL, the spectra as generated by Dr 
Kristy Vernon predicts a peak at 714 nm േ 15 nm, though this is assumes the 
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particles rest purely on glass with ITO being ignored due to how thin the ITO layer 
is. If instead, the particle is considered to rest on an infinite ITO layer, the peak 
comes out to 769 nm  േ 20 nm. These data points are represented as solid black 
vertical lines in the following figures. FWHM is represented by the pink lines. 
 
Figure 3.6 500 nm grating with 400,000 ms exposure. The red line represents the peak location with 
the black vertical lines representing the modelled peaks. Pink lines represent FWHM. 
 
Figure 3.7 800 nm grating with 400,000 ms exposure. The red line represents the peak location with 
the black vertical lines representing the modelled peaks. Pink lines represent FWHM. 
The particle of ~200 nm diameter gives the above plots [Figure 3.6, Figure 
3.7] which show a variance in peak position of 2.79 nm averaged across all measured 
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peaks, suggesting a successful calibration of the spectrometer gratings. In terms of 
the peak locations compared with the simulated values, the error margins place our 
average peak location of 733 nm within the expected range. The calculated FWHM 
for the two gratings will be inaccurate due to the cutoff point of the data, but is 
displayed in the plots as pink lines bounding the edge of a box. For the 500 nm 
grating, the calculated FWHM is ~186.56 nm wide with an intensity of 16,058 
counts whereas for the 800 nm grating, the calculated FWHM is ~162.47 nm wide 
with an intensity of 31,362 counts. 
3.2 AUNP INTERACTION WITH GRAPHENE. 
Section 3.2 deals with the modelling of AuNP’s on graphene substrates as 
opposed to 3.1 which dealt with AuNP’s on ITO glass. This is a separate system to 
3.1, but as per the theme of this thesis discusses substrate interactions and is divided 
into two sub-sections. The first sub-section details the models used in terms of 
parameters, permittivity data as sourced from Weber et al (Weber et al., 2010b) and 
dimensions for the models. Section 3.2.2 details the actual results obtained for the 
modelled cases. The results from this part of the thesis have recently been published 
in Optics Letters in my paper “Optical coupling of gold nanoparticles on vertical 
graphenes to maximize SERS response” (Mcleod, Vernon, Rider & Ostrikov, 2014). 
3.2.1 Model details 
All of the models were created and run using the COMSOL Multiphysics 
software package. For each model, the permittivity data was sourced from the optical 
constants found in Weber et als (Weber et al., 2010b) paper, with data for gold 
sourced from Palik (Palik, 1985). Each model consisted of a 1.5 nm thick plane used 
to represent the graphene substrate, with 4 nm radius spheres representing gold 
nanoparticles. Each case was modelled in a 100 nm spherical region of air bounded 
by Perfectly Matched Layers and Scattering Boundary conditions to represent that 
the model exists beyond these boundaries without actually being calculated, and also 
to prevent internal reflections and scattering from the boundary which could affect 
the final peak location.  
The basic model consisted of a single sphere atop the graphene layer with the 
beam incident along the plane of the graphene (x direction) and polarised 
perpendicular to its surface (the z direction). This model is treated as the initial case 
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when discussing other modelled cases and is treated as a baseline for comparison. 
Other models considered are a duplicate particle on the opposite surface of the 
graphene, followed by offsets along the negative x direction, into the path of the 
beam. This offset was calculated from the centre point of the particle, and modelled 
out to a range of 10 nm. For the purposes of locating SERS hotspots, the electric 
field plots were rendered for E4 (Le Ru & Etchegoin, 2006) approximation of a 
SERS signal to determine hotspot formation (Heeg et al., 2013) for these single and 
double particle interaction cases. Whilst the SERS hotspots are located in the EM 
field region, the purpose was to determine if the hotspot also forms inside the 
graphene as well as around the particle. These results are provided in section 3.2.2. 
Figure 3.9 below shows the structure of these models. 
 
Figure 3.8 Single particle (left) and double particle (right). The arrow indicates the direction of the 
incident field. 
The particle labelled 1 represents the initial position of the particle, with 
particle 2 representing the final offset distance. The next set of models was created to 
test the effect of particle separation and number of particles on the resonance peak. 
One model considered particles along the same surface with offsets starting at 9nm 
and moving out to 12 nm, centre to centre, to determine if any interaction between 
same surface particles occurs. These same models were also run with the incident 
beam along the y axis with x polarisation. Whilst this test case results in lowered 
interaction with the graphene, it allowed us to investigate the interaction between 
particles. Figure 3.9 below shows the structure of these models. This figure shows an 
intermediate distance, as total centre to centre distance for the modelled separations 
would be 12 nm centre to centre. These results are provided in Section 3.2.3. 
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Figure 3.9. Double particle on the same side. The arrow indicates the direction of the incident field. 
The final subset of models was to test a 3 particle system, two on the “top” side 
of the graphene layers, one on the underside arrayed in a line along the x-axis, with 
the lower particle centred between the upper particles, and the upper particles 
separation distance measured from 10 nm,  to 18 nm in 2 nm increments. The beam 
was incident along the x axis with z polarisation and another model run for the 10 nm 
separation with the field incident from z and polarised in x. Figure 3.10 shows the 
basic structure of these models. The results are provided in Section 3.2.4. 
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Figure 3.10. Three particle diagram. The arrow indicates the direction of the incident field. 
3.2.2 Results – Single and Opposing (double) particle case. 
For the single particle case, the resonance peak was found at 527 nm.  The 
addition of a second particle introduced a red-shift with the peak now at 560 nm. 
Figure 3.11 shows the plotted comparison of the single and double particle case. The 
introduction of an offset resulted in a gradual blue-shift until at 10 nm offset the 
resonance peak was at 532 nm. These offset values are tabulated in Table 3.1 and the 
plot in Figure 3.12 shows the relative peak intensities for each case, with a 
distinctive drop in intensity as the offset increases. 
Table 3.1 
Single and double offset resonance peak locations. 
Offset amount  Resonance Peak 
0 nm  560 nm 
1 nm  560 nm 
2 nm  550 nm 
3 nm  545 nm 
4 nm  540 nm 
5 nm  540 nm 
10 nm  532 nm 
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Figure 3.11. Single and Double particle comparison. 
 
Figure 3.12. 1-10 nm offset comparison. 
Visually, the 1-10 nm offset graph can be confusing, but the important points 
are that at 1 nm, the offset particle displayed greater intensity than the no offset case, 
but still showed the same resonance peak. Past this point, the resonance peak starts to 
blue shift and steadily drops in intensity. This is due to the particles starting to move 
towards the case of being two isolated nanoparticles, so the wavelength of resonance 
is shifting towards 527 nm and the peak intensity is decreasing as the coupling 
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between the particles decreases. The following figure shows a comparison of the EM 
Field plots for the single particle and double particle case as well as a their SERS 
hotspot, followed by a figure comparing the 1nm offset, 5 nm offset and 10 nm offset 
cases, followed by a figure showing the SERS hotspots. These EM plots show 
roughly where SERS hotspots will occur, as the regions of highest intensity EM will 
correspond to these SERS hotspots due to the E4 relationship. In the cases where it is 
difficult to discern the particle location with respect to the graphene, these have been 
added in as grey regions. 
 
Figure 3.13. Single EM (a) and SERS hotspot (c) with Double particle (b) EM field and SERS hotspot 
(d) comparisons. 
From these results it can be seen that the highest intensity EM field generated 
from the graphene-AuNP interaction occurs between the particles in the double 
particle case, showing almost 4 times increase in magnitude of the field strength. For 
the single particle, the field strength peaks at 29 V/m with the double particle field 
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strength peaking at 101 V/m. The SERS hotspot similarly experiences 3 orders of 
magnitude greater intensity at the contact region, with a peak of ~7.3 × 105 for the 
single particle and a peak of 1.09 × 108 for the double particle case. Whilst the SERS 
hotspot follows closely with the highest intensity EM field location, it shows that 
primarily, the hotspot occurs in a very limited region. As graphene is commonly 
rather smooth, there would be limited SERS enhancement from the EM side (as 
discussed in Section 2.2.4), and these models show the benefit of adding 
nanoparticles for amplifying the EM component of the SERS effect. 
 
Figure 3.14. 1 nm offset (a), 3 nm offset (b), 5 nm offset (c), 10 nm offset (d) EM images. 
The scales are arbitrary colour scales, representing from 0 up to the maximum 
value atop each scale and have been adjusted for the 5 nm and 10 nm case for 
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readability. From each case, as is visible in the no offset case prior, the greatest 
concentration of EM energy is beneath the particles nearest the contact point. It can 
be seen quite clearly for each situation that as the offset increases, the peak EM field 
strength drops off rapidly, though interestingly, the 1 nm offset cases displays 
slightly higher peak field strength than when no offset is present.  
 
Figure 3.15. 5 nm offset SERS hotspot (a) and 10 nm offset SERS hotspot (b) 
From these SERS hotspots, it can be seen that they correspond directly with the 
areas in the EM plots that displayed the highest intensity field. SERS plots were only 
completed for the 5 nm and 10 nm case as the results for hotspot intensity were 
similar enough in the 1 nm out to 4 nm cases to the double particle case. Here, the 
peak SERS intensity measured was 6.1 × 106 for the 5 nm case, and ~2.05 × 106 for 
the 10 nm case. This decrease in SERS intensity with increase in off-set is expected 
as the coupling between the particles decreases. 
3.2.3 2 particles on the same surface. 
Placing two particles on the same surface allows us to model the effect of rows 
of particles, an important consideration when looking at a system that will be 
covered in particle arrays. The following extinction plot shows a comparison of the 
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single and double particle case compared with two particles placed along the x axis 
separated by 1 nm edge to edge. Separations below 1 nm are not modelled as 
quantum corrections for particle interaction need to be taken into account at these 
spacings. One of the quantum corrections that needs to be considered in separations 
less than 1 nm is electron tunnelling (Scholl, García-Etxarri, Koh & Dionne, 2013) in 
the junction between particles, and the interaction between the particles and the 
graphene may also be affected by quantum effects at the contact point. This model is 
just a simple preliminary model, and we plan in the future to take into account size 
effects (Scholl et al., 2012) due to the scale of the particles and graphene thickness 
(Tame et al., 2013) using more sophisticated density functional theory models. In 
general quantum effects can alter peak location, peak number/quantization and signal 
strength, but the effect will most likely be minimal in our system as all structures are 
greater than 1 nm in size. 
 
Figure 3.16. Comparison of resonance peak of particles and polarisation arrangement. 
From the graph in Figure 3.16, it can be seen that in the case of p-polarisation 
(field polarised parallel to the graphene), there is no defined peak, but a plateau 
region extending from 500 nm out to approximately 522 nm before dropping in 
intensity. In comparison with the double particle peak, it is of slightly higher 
intensity, but greatly blue shifted. The s polarisation case (field polarised 
perpendicular to the surface of the graphene), shows a peak at 527 nm and of greater 
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intensity than the single particle case, though the single particle peak exists at 522 
nm. Figure 3.17 shows an EM plot comparing s and p polarisation for the 1 nm (9 
nm centre to centre) case. 
 
Figure 3.17. s polarised (a) and p polarised (b) for 1 nm offsets. 
From Figure 3.17, the peak EM for s polarisation (polarised along z) is 27.62 
V/m, whilst p polarisation (polarised along y) shows a peak EM strength of 17.45 
V/m. From the field plots, it can also be seen that there is minimal interaction with 
the graphene layer for p polarisation, with the field strength being mostly 
homogeneous in the surrounding region and the greatest interaction occurring 
between the two particles, whereas for s polarisation the reverse is true. Similarly, 
the SERS figure (Figure 3.18) for the 1nm offset shows similar hotspot propagation. 
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Figure 3.18. SERS hotspot, s polarised (a) and p polarised (b) for 1 nm offsets. 
From Figure 3.18, the SERS hotspot, whilst more evident between the particles 
on the right, the signal generated is stronger when interacting with the graphene, 
even if the hotspot covers a larger area when interaction occurs between particles. 
For readability, the particles have been depicted by adding in grey spheres, and the 
graphene by the vertical grey bar. 
For the s polarisation cases, as the offset increases, the peak field strength at 
the point of contact slightly increases, ranging from 27.62 V/m for the 1 nm offset 
case, out to 29.14 V/m case, whereas for p polarisation the EM field strength drops 
of as the particles are moved further apart, starting at 17.45 V/m at 1 nm and 
dropping to 14.01 V/m. Figure 3.19 shows the EM offset case for 4 nm separation 
for both s and p polarisation. 
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Figure 3.19. s polarised (a) and p polarised (b) for 4 nm offsets. 
As mentioned, the intensity for the s polarisation case increases with particle 
separation up to ~29 V/m whereas for p polarisation it instead drops to ~14 V/m. The 
coupling between the particles can also be seen to be weaker for the p polarised case 
compared to the 1 nm separation model. Following, it can be seen as well that for the 
s polarisation case that the peak SERS signal is greater at 7.32 × 105 whereas for the 
p polarisation case it is 4.17 × 104. Unlike in the 1 nm offset case, the 4 nm offset 
shows only a hotspot forming at the point of contact between the graphene and 
AuNP, with only a faint hotspot forming for the p polarised case between the 
particles. 
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Figure 3.20. 4 nm offset, s polarised (a) and p polarised (b) SERS hotspots. 
As mentioned for Figure 3.20, the SERS hotspots and their respective 
intensities can be seen. Of note is that whilst the p polarised case is less intense 
overall, the regions of highest intensity are spread over a larger area. 
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Figure 3.21. Extinction spectrum for s polarised top particles. 
 
Figure 3.22. Extinction spectrum for p polarised top particles. 
Figure 3.21 and Figure 3.22 show the extinction spectrum obtained for the 
offsets, shown for s polarised systems, and correlates with the EM and SERS plots 
that as separation increases, for s polarisation, the extinction of the system at 
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resonance increases as well. For p polarised systems, there is no defined peak, only a 
defined plateau region that shortens with each increase in offset value. 
3.2.4 3 particle system results. 
Now that we have discussed the one and two particle cases, we move onto the 
trimer system as described by Figure 3.10. 
 
Figure 3.23. Triple particle extinction spectrum for s polarised light. 
Figure 3.23 shows the decreasing extinction intensity with increased offset for 
the triple particle system. The offset value is measured from particle centre to 
particle centre. The graph shows that as the offset increases, the intensity drops, with 
the peak shifting from ~535 nm at the 14 nm offset down to ~531 nm. The red 
vertical line on the graph shows the rough location of these extinction peaks. This 
limited change in peak location is possibly due to a strong coupling interaction still 
being present in the trimer system, with a shift in peak location occurring at the 14 
nm offset as the particles start to move further apart and coupling decreases. Figure 
3.24 is a comparison of the EM and SERS hotspot for the 10 nm case. 
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Figure 3.24. Triple particle, 10 nm separation, EM (a) and SERS Hotspot (b). 
The EM plot shows a peak voltage of ~32.64 V/m with the SERS hotspot 
peaking at ~1.14 × 106. It can be seen from the EM plot that the EM field interacts 
with the graphene over a broader area, connecting between the particles and allowing 
for coupling to occur between the particles through the graphene. The two particles 
atop the graphene also couple weakly through air along the surface region. As with 
the prior models, the SERS hotspot forms once more at the contact point of the 
particles with the graphene surface. Figure 3.25 shows the EM plot and SERS 
hotspot location for the 16 nm case. 
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Figure 3.25. Triple particle, 16 nm separation, EM (a) and SERS Hotspot (b). 
Compared to the 10 nm case, the 16 nm case saw a drop in overall EM field 
intensity to 26.08 V/m, and the SERS hotspot peak of ~4.71 × 105. The following 
table gives the peak EM field and SERS hotspot readings for the five modelled 
separations. These intensities are smaller than the single particle case in section 3.2.2 
of ~29 V/m, with 18 nm separation showing a further drop in field strength down to 
~25 V/m as shown in Table 3.2. 
Table 3.2 
Peak EM and SERS hotspot peaks for triple particle offsets. 
Separation Distance (nm)  Peak EM Field (V/m)  SERS Hotspot peak  
10  32.64  ~1.14 × 106 
12  29.86  ~8.02 × 105 
14  26.34  ~4.84 × 105 
16  26.08  ~4.71 × 105 
18  24.75  ~3.79 × 105 
 
The tabulated values (Table 3.2) show the trend of decreasing values for 
intensity as the offset increases, with a slight plateau in drop in intensity occurring 
between the 14 nm and 16 nm offset cases. Similarly, we can see the steep drop in 
intensity for the SERS hotspot intensity between the 12 nm and 14 nm case, before 
the drop plateaus and begins decreasing again at the 18 nm offset.  
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Chapter 4: Discussion 
This chapter is broken down into two sections, 4.1 addresses the spectra 
obtained using the single particle spectrometer, as well as a discussion of the sample 
and section 4.2 discusses the interactions of AuNP with few-layer graphene as 
simulated in Chapter 3.2. 
4.1 SINGLE PARTICLE SPECTROMETRY 
The measured particle was a spherical particle approximately 200 nm in 
diameter, and had an expected theoretical peak around 714 nm േ 15 nm or 769 nm  
േ 20 nm depending on whether the ITO was taken into account. From the data itself, 
we saw peaks at 728 nm, 732 nm and 735 nm, which fall within the expected range 
of the peak position predicted by Mie theory. From this we can determine that the 
spectrometer calibration was accurate, and from the multiple readings taken across 
the two available spectrometer gratings, that the two gratings will show strong 
agreement with a small margin of error of approximately 2.79 nm. 
The method presented, when run with a purely manually operated stage, offers 
some difficulties with particle alignment due to the speed at which the sensor shutter 
can be operated. The minimum refresh time that can be used with the equipment is 5 
ms as faster refresh rates are not recommended. Due to the large scale movements of 
the stage whilst viewing these NP’s, alignment becomes a case of trial and error as 
slight jarring of the control arm can move the desired viewing area far from view. 
The sample itself also provided challenges as several dilutions were required 
before suitably isolated particles could be located. Due to the resolution of the Qanta 
FIB system, it was not possible to locate the particles directly, and the FIB milling 
system presents challenges of its own when trying to create suitably small 
registration marks. For future efforts, it may be best to instead mill holes into a layer 
of Poly(methyl methacrylate) or PMMA, depositing gold or silver and then removing 
the PMMA. This would allow for greater control of particle size as well as offer the 
ability to create a range of particles in a desired region, without having to spend time 
locating a suitable particle. 
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4.2 AUNP INTERACTION WITH GRAPHENE 
This section is broken down into 3 segments, reflecting the three types of 
models that were run. 4.2.1 discusses the single and double particle comparison 
cases, 4.2.2 details the particles arrayed on the same surface and 4.2.3 finishes with 
the three particle system. As is repeated through these sections, quantum effects have 
not been considered for these results (detailed in Section 3.2.3) but it is understood 
from the references provided that the resonance peak location may change as well as 
affecting peak number/quantization and signal intensity. The results however are 
considered to be sound. These considerations would affect all of the models, though 
would play a larger part in the interactions modelled in Section 3.2.3 and 3.2.4. 
4.2.1 Single and double particle cases. 
The single particle system allows us to determine the influence of graphene on 
the resonance peak of gold, in this case, resulting in a peak of 527 nm. In comparison 
with the double particle case, the placement of a particle directly opposite allows for 
almost double the intensity of signal, with a significantly red-shifted peak. 
Introducing an offset to the lower particle starts to blue shift this peak, towards that 
of an isolated single particle. As the offset is increased above 1 nm, there is a strong 
drop in field intensity. This could be due to the decrease in coupling interaction as 
the contact points of the opposing particles are no longer directly opposing each 
other on the graphene. At 1 nm, there is a slight increase in intensity, suggesting that 
this offset value could be ideal for sensing applications that require stronger signals. 
Of interest however is that at peak for the no offset case, the double particle scenario 
has an EM field strength peak of ~105 V/m, with the single particle case peaking at 
~29 V/m. This also duplicates into the SERS hotspot, where the value is much 
greater than for the double particle case than for the single particle case, suggesting 
that these paired particle arrangements are ideal. 
Penetration of the EM field into the graphene is normally quite high due to the 
relative transparency of graphene (Abergel et al., 2010), though as a result there is 
little interaction with the graphene outside the region of direct particle contact. The 
field can be seen to spread between the particles into the graphene region from the 
figures, which in turn makes the graphene layer an active part of the system, rather 
than just a scaffold. Of note as well is that an effect of field “confinement” occurs in 
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the graphene directly near the contact point, effectively pulling the field between the 
particles such that other regions show a weaker response. 
4.2.2 Two particles on the same side. 
These results show the high polarisation dependence of the sytem, as the s 
polarised case shows interaction with the graphene layer, whereas the p polarisation 
shows much more limited interaction between the particle and graphene, with instead 
the greatest coupling intensity occurring in the air region between the particles. This 
suggests that for an ordered system, s polarisation is optimal for achieving strong 
interaction between few layer graphene and NPs. Polarisation parallel to the surface, 
or p polarised, results in a lower intensity EM field by ~10 V/m according to the 
models. In direct comparison, two particles results in a peak of ~27 V/m, comparable 
to the single particle case at 29 V/m.  
It is interesting to note however that as the particle separation is increased, for s 
polarisation the field intensity starts to increase, suggesting that a finite separation 
distance is optional once more. This peak magnitude is ~29 V/m, comparable to the 
single particle case. This suggests that close proximity will hamper field strength, 
potentially due to some interference between the EM fields of the particles, or the 
proximity of the particles causing them to appear as a single elongated particle to the 
incident field. From the results we can see that p polarisation yields a lower intensity 
overall, decreasing with increase in offset, and without a defined peak, only a plateau 
region. 
4.2.3 Three particle system. 
The three particle system shows a single resonance peak at 535 nm across all 
the offsets modelled. This peak is more redshifted than the single particle case and 
shows greater intensity, likely due to a combination of number of particles and direct 
interaction between the three particles through the graphene. Directly compared with 
the two particle opposed system, the peak voltage of ~32 V/m is much lower, the 
same being true for the SERS hotspot intensity, though the field intensity at the 14 
nm offset case is comparable to the single particle case before dropping slightly 
below the single particle case intensity at the 18 nm offset. 
From the EM plots, the field can be seen to be quite clearly confined between 
the particles, though the SERS hotspot still appears to be focused at the point of 
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contact between AuNP and graphene. This system seems to offer the benefits of 
multiple particles with a slightly increased intensity as well as utilising more of the 
graphene layer for signal enhancement, however it has a much weaker signal, by at 
least 1/3rd the intensity of the double particle case. For SERS enhancement then, the 
double particle case would be more suitable due to the significant increase in SERS 
signal strength, though systems requiring a more homogenous field distribution may 
find the three particle arrangement more suitable.  
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In conclusion, the single particle spectrometer system has been fully calibrated. 
This effectively allows for measurement of resonance peaks for single particle 
systems with a strong degree of confidence for the peak location with a small error 
value of ~2.79 nm. The measured results also show strong agreement with the 
theoretical predictions obtained through COMSOL modelling, with the calculated 
values of 714 nm ± 15 nm for a particle on glass and the average measured peak 
location of 733 nm. The small discrepancy can be explained by the imperfect 
spherical geometry of the gold particle in the experiment.  
Future work will need to look at the addition of intensity calibration with the 
Intellical software for those cases where qualitative comparisons between intensity 
profiles are necessary. 
For the electro-magnetic interaction between particles and graphene, we found 
that the vertical arrayed graphene system allows not only for more than double the 
number of particles to be placed on the graphene when compared with a horizontally 
arrayed graphene system, but that the coupled system is highly polarisation 
dependant. These models showed that a directly opposing NP will allow for greater 
signal intensity and that the introduction of an offset reduces this signal strength but 
still allows for coupling between particles.  
The system was found to be quite flexible in terms of separation and coupling 
between particles, but the greatest intensity in terms of hotspot and EM field strength 
occurs near the point of contact between particle and graphene. This interaction is the 
point of greatest signal amplification and means of increasing this intensity through 
geometry is one of the subjects of future work. Other avenues of study would be to 
further test the influence of rows and columns on the overall field strength and 
particle interaction, as well as particles in closer proximity to better explore the effect 
of the contact region. 
In terms of the SERS signal, the E4 approximation confirms that the graphene 
itself, which commonly would be relatively smooth, shows limited surface 
enhancement if at all, with the SERS hotspot occurring only in the region nearest the 
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point of contact between the AuNP and the graphene. Whilst these SERS images are 
very similar to the EM field images, they reinforce the initial goal of improving 
graphene SERS performance through the addition of nanoparticles. 
These models are all based on classical physics, and as such do not fully take 
into account any quantum corrections for the scale, nor are phonon coupling losses 
considered so as such, these models are ideal case. These quantum corrections 
include electron tunnelling effects across the junction between particles (Scholl et al., 
2013) and the interface between the particles and graphene (Tame et al., 2013), as 
well as accounting for size effects for particles below 10 nm in diameter (Scholl et 
al., 2012) and other scale effects. It is understood that these considerations may 
affect resonance peak locations but the results are otherwise considered sound. These 
effects would not be present in cases where the particles are separated by more than 1 
nm of offset for the consideration of coupling between particles, though these effects 
may be present in the interface between the AuNP’s and the graphene layers. The 
inclusion of quantum corrections and the modelling of losses (due to phonons) will 
be the subject of future work. Further study into the contact region and methods of 
taking advantage of the formation of the hotspot could improve SERS sensor 
performance and our understanding of graphene-plasmon interactions. 
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Appendix A 
Operation of Lightfield software – Initial setup, final alignment. 
Operation of the Lightfield software is accomplished according to the standard 
procedures for device operation, however some details are covered during induction. 
Initial setup of an experiment (as the software refers to each profile) requires 
informing the software how the attached hardware will be used. Each piece of 
hardware is represented by an icon on the attached devices screen and is first dragged 
from a icon bar onto the softwares “desktop” area. For our experimental setup, we 
use a Princeton Instruments spectrometer and a PIXIS Camera. The spectrometer 
icon shows two attachment ports, and it is a simple case of dragging the camera icon 
on top of the appropriate port which represents where it is physically mounted. 
This informs the software that the setup is now operated as a 
Spectrophotometer, opening up the appropriate options for using these separate 
pieces of hardware together. Once the software is appropriately initialised, fine 
tuning of hardware alignment can occur if necessary. This entails running the sensor 
continuously with the mirror selected to ensure maximum brightness from the 
microscope and also that there are no obstructions in the light path to the 
spectrometer and camera. 
 
